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INFRARED ABSORPTION PROGRAM 
F i n a l  Report  
G i l b e r t  N .  Plass 
Abs t r ac t  
A number of a s p e c t s  of t h e  i n t e r a c t i o n  of  r a d i a t i o n  wi th  p l a n e t a r y  
/ 
atmospheres  have been s t u d i e d .  
t r a n s m i s s i o n  of r a d i a t i o n  from the rma l  sou rces  (cont inuous  i n  wave- 
T-- i n  t h e  -
l e n g t h ) ,  from f lames  (molecular bands ) ,  and from l a s e r  sou rces  
( e s s e n t i a l l y  monochromatic) i s  d e r i v e d .  The s c a t t e r i n g  and a b s o r p t i o n  
of Mie p a r t i c l e s  is  s t u d i e d  because of t h e  importance of a e r o s o l s  
i n  our  atmosphere.  Mul t ip l e  s c a t t e r i n g  of l i g h t  i s  impor tan t  i n  
any r e a l i s t i c  model of t h e  e a r t h ’ s  atmosphere.  
t 
c 
A s o p h i s t i c a t e d  Monte 
Car lo  method has  been developed t o  fo l low t h e  pa th  of a photon as 
it i s  s c a t t e r e d  o r  absorbed by c o l l i s i o n  wi th  a tmospher ic  molecules ,  
a e r o s o l s ,  and water  d r o p l e t s .  R e s u l t s  have been de r ived  from t h e  
Monte Carlo c a l c u l a t i o n s  for many d i f f e r e n t  c o n d i t i o n s .  The 
r a d i a n t  i n t e n s i t y ,  f l u x ,  and p o l a r i z a t i o n  are c a l c u l a t e d  a t  a r b i t r a r y  
l e v e l s  i n  t h e  atmosphere.  
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The s c i e n t i f i c  r e s u l t s  ob ta ined  d u r i n g  t h e  p e r i o d  o f  t h i s  
c o n t r a c t  have been desc r ibed  i n  d e t a i l  i n  t e n  r e p o r t s  i s s u e d  d u r i n g  
t h e  term of t h e  c o n t r a c t  and i n  twelve  pape r s  which have e i t h e r  been 
pub l i shed  or have been accep ted  f o r  p u b l i c a t i o n  i n  s c i e n t i f i c  j o u r n a l s .  
I t  w i l l  be  unnecessary  t o  r epea t  t h e  d e t a i l s  of t h e  work which is  
g i v e n  i n  t h e s e  pape r s .  
i n  t h i s  f i n a l  r e p o r t .  
I n s t e a d  t h e  work i s  summarized and d i s c u s s e d  
I n  p rev ious  pape r s  w e  have s t u d i e d  t h e  t r a n s m i s s i o n  of i n f r a r e d  
r a d i a t i o n  through t h e  atmosphere from the rma l  s o u r c e s ,  i . e .  t h e  
e m i t t e d  energy is  cons idered  as con t inuous ly  and uniformly emi t t ed  
o v e r  t h e  wavelength r e g i o n  of in te res t .  
w e  have s t u d i e d  ( P 3 )  t h e  t r ansmiss ion  of  laser r a d i a t i o n  ( i . e .  
e s s e n t i a l l y  monochromatic r a d i a t i o n )  a long  a tmospher ic  p a t h s .  
a b s o r p t i o n  o f  l aser  r a d i a t i o n  along s l a n t  p a t h s  is  c a l c u l a t e d  f i r s t  
f o r  t h e  case when t h e  absorb ing  g a s e s  are  d i s t r i b u t e d  uniformly 
throughout  t h e  atmosphere and when t h e  tempera ture  v a r i a t i o n  of  
t h e  l i n e  i n t e n s i t i e s  and half-width can  be neg lec t ed .  
were t h e n  g e n e r a l i z e d .  t o  inc lude  cases of nonuniformly d i s t r i b u t e d  
g a s e s  wi th  a t empera tu re  v a r i a t i o n  a iong  t h e  p a t h .  
t h e  ove r l app ing  of s p e c t r a l  l i n e s  i s  s t u d i e d  through t h e  use  of t h e  
Elsasser r e g u l a r  band model. From t h e s e  r e s u l t s  it i s  p o s s i b l e  
t o  p r e d i c t  t h e  a b s o r p t i o n  a long  a s l a n t  p a t h  if  t h e  a tmospher ic  
pa rame te r s  are known. 
During t h e  p r e s e n t  c o n t r a c t  
The 
These r e s u l t s  
'The e f fec t  of  
Flame r a d i a t i o n  was also s tud ied  ( P 8 )  where t h e  r a d i a t i o n  i s  
e m i t t e d  by molecular  bands.  General  e x p r e s s i o n s  have been de r ived  
f o r  t h e  r a d i a n c e  of a nonisothermal  g a s  i n  terms of t h e  e q u i v a l e n t  
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width  of  t h e  r e l e v a n t  s p e c t r a l  l i n e s .  
ob ta ined  from exac t  c a l c u l a t i o n s  which u s e  molecular  c o n s t a n t s  o r  
from a n  a p p r o p r i a t e  expres s ion  from t h e  t h e o r y  of band models.  
Curtis-Godson approximation may be  used under  c e r t a i n  c o n d i t i o n s  
t o  s i m p l i f y  t h e  c a l c u l a t i o n s  of t h e  r a d i a n c e .  
l a t i o n s  show how t h e  r a d i a n c e  can be c a l c u l a t e d  f o r  v a r i o u s  tempera ture  
d i s t r i b u t i o n s  w i t h i n  t h e  f lame.  
The e q u i v a l e n t  width may be 
The 
I l l u s t r a t i v e  ca l cu -  
The emiss ion  and s c a t t e r i n g  o f  r a d i a t i o n  i n  t h e  atmosphere and 
i n  flames depends t o  a cons ide rab le  e x t e n t  on t h e  a e r o s o l s  and o t h e r  
p a r t i c l e s  which sca t te r  and absorb t h e  r a d i a t i o n .  Thus a c o n s i d e r a b l e  
p o r t i o n  of t h i s  c o n t r a c t  was spent  i n  unders tanding  b e t t e r  t h e  
a n a l y t i c  d e s c r i p t i o n  of t h e s e  even t s  as g iven  by t h e  Mie theo ry .  
We have w r i t t e n  a n  ex t remely  e f f i c i e n t  code which c a l c u l a t e s  t h e  
cross s e c t i o n s  f o r  s c a t t e r i n g  and a b s o r p t i o n  and t h e  angu la r  i n t e n s i t y  
of e l ec t romagne t i c  r a d i a t i o n  i n t e r a c t i n g  wi th  s p h e r i c a l  p a r t i c l e s  of  
complex index  of  r e f r a c t i o n .  
Aluminum oxide  i s  a n  important  c o n s t i t u e n t  of flames and i t s  
o p t i c a l  p r o p e r t i e s  a re  q u i t e  wel l  known. Our Mie program was used 
(P1) to c a l c u l a t e  t h e  s c a t t e r i n g  and a b s o r p t i o n  cross s e c t i o n s  f o r  
aluminum ox ide  over  a tempera ture  range  from 1 2 O O O C  t o  2020OC. 
I t  was found t h a t  t h e  e f f i c i ency  f a c t o r  f o r  a b s o r p t i o n  i n c r e a s e s  
by a f a c t o r  of  40 a t  a wavelength of  2 microns as t h e  tempera ture  
i n c r e a s e s  form 1 2 O O O C  t o  2 0 2 0 O C .  
Another paper  (P2) s tud ied  t h e  Mie s c a t t e r i n g  and a b s o r p t i o n  
e f f i c i e n c y  f a c t o r s  as  a func t ion  of  t h e  s i z e  parameter  and of  t h e  
abso rb ing  power of t h e  p a r t i c l e .  Both t h e  t o t a l  e f f i c i e n c y  f a c t o r s  
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and t h e  s c a t t e r e d  i n t e n s i t y  as a f u n c t i o n  of a n g l e  were cons ide red .  
The i n f l u e n c e  of t h e  a b s o r p t i o n  on t h e  sha rp  r e sonances  which occur  
f o r  t h e  l a r g e r  v a l u e s  of t h e  s i z e  parameters  was a l s o  cons ide red .  
Another paper  ( P 4 )  d i s c u s s e s  i n  d e t a i l  t h e  dependence of t h e  
Mie e f f i c i e n c y  f a c t o r s  on t h e  s i z e  parameter x and on n l  and n2 
( t h e  r e a l  and imaginary p a r t s  o f  t h e  index of r e f r a c t i o n ) .  The 
e f f i c i e n c y  f a c t o r  f o r  abso rp t ion  i s  found t o  be p r o p o r t i o n a l  t o  n2 
ove r  a c o n s i d e r a b l e  r ange  of  values  which a r e  s p e c i f i e d .  
i n c r e a s e s ,  t h e  e f f i c i e n c y  f a c t o r  f o r  s c a t t e r i n g  i n  most c a s e s  f irst  
d e c r e a s e s  t o  a minimum v a l u e  and t h e n  passes  through a maximum. 
ha l f -wid th  of t h e  a n g u l a r  i n t e n s i t y  f u n c t i o n  i s  c a l c u l a t e d  over  a 
r a n g e  of v a l u e s  of n l  and n2.  Th i s  ha l f -wid th  v a r i e s  as x-l when 
x i s  g r e a t e r  t h a n  u n i t y  and i s  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  v a l u e s  
o f  n l  and n 2 .  
A s  n2 
The 
S t i l l  a n o t h e r  paper  on Mie s c a t t e r i n g  ( P 5 )  explored  t h e  e f f e c t s  
o f  resonances  on t h e  e f f i c i e n c y  f a c t o r s .  Among t h e  i n t e r e s t i n g  
f e a t u r e s  d i scove red  a r e  t h e  fol lowing:  (1) t h e  maximum v a l u e  of  
t h e  e x t i n c t i o n  e f f i c i e n c y  f a c t o r  a t  t h e  f irst  resonance  d e c r e a s e s  
n , a p i d l y  xhcn a small smcunt cf a b s c r p t i o n  i s  in t roduced ;  ( 2 )  GVPP =r 
c o n s i d e r a b l e  r ange  of t h e  parameters t h e  width of t h e  f irst  resonance  
of t h e  e x t i n c t i o n  e f f i c i e n c y  f a c t o r s  i s  p r o p o r t i o n a l  t o  n l - 4  when 
t h e r e  i s  no a b s o r p t i o n  and t o  n2nl-2 when t h e r e  i s  a b s o r p t i o n ;  ( 3 )  when 
n l  >> 1, t h e  s c a t t e r e d  i n t e n s i t y  n e a r  t h e  f i rs t  resonance  i s  p re -  
dominate ly  forward, symmetrical ,  or predominately backward when x is  
r e s p e c t i v e l y  somewhat smaller than ,  equa l  t o ,  or l a r g e r  t h a n  t h e  
r e sonance  v a l u e ;  ( 4 )  as  n2 i n c r e a s e s ,  t h e  forward s c a t t e r e d  i n t e n s i t y  
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first i n c r e a s e s  b e f o r e  it dec reases  f o r  x g r e a t e r  t h a n  u n i t y ;  
( 5 )  s t r o n g  forward s c a t t e r i n g  occurs  on one s i d e  of a resonance  
and s t r o n g  backward s c a t t e r i n g  on t h e  o t h e r  s i d e ,  a l though  t h i s  
e f f e c t  may be obscured by o t h e r  f a c t o r s  f o r  h igh  m u l t i p o l e  r e sonances .  
The above i n v e s t i g a t i o n s  of Mie s c a t t e r i n g  enable  u s  t o  c a l c u l a t e  
t h e  s i n g l e  s c a t t e r i n g  diagrams f o r  any d e s i r e d  s i z e  d i s t r i b u t i o n  of  
p a r t i c l e s  and f o r  any va lue  of t h e  index of r e f r a c t i o n .  
a e r o s o l  d i s t r i b u t i o n  i n  t h e  atmosphere can be d e s c r i b e d  and i t s  
s c a t t e r i n g  p r o p e r t i e s  c a l c u l a t e d  f o r  u s e  i n  a tmospher ic  s c a t t e r i n g  
c a l c u l a t i o n s .  
The most impor tan t  r e s u l t  of t h e  c o n t r a c t  has been t h e  develop- 
ment of a code which c a l c u l a t e s  t h e  m u l t i p l e  s c a t t e r i n g  of l i g h t  
by Monte Car lo  methods. 
f a c t o r s  i n  t h e  atmosphere can  be inc luded  i n  t h e  c a l c u l a t i o n  i n c l u d i n g  
molecular  a b s o r p t i o n  and s c a t t e r i n g ,  s c a t t e r i n g  and a b s o r p t i o n  by 
a e r o s o l s  and water d r o p l e t s ,  and r e f l e c t i o n  and a b s o r p t i o n  by any 
t y p e  of p l a n e t a r y  s u r f a c e .  
s i x  pub l i shed  pape r s  (P6,7,9,10,11,12). 
Thus any 
V i r t u a l l y  any p o s s i b l e  combination of 
T h i s  work i s  d e s c r i b e d  i n  d e t a i l  i n  
I n  t h e  f i rs t  paper ( P 6 )  a s i n g l e  s c a t t e r i n g  f u n c t i o n  i s  used 
which i s  a p p r o p r i a t e  f o r  cumulus c louds  a t  0 . 7 P  wavelength.  
p r o t o n s  are followed through a s u f f i c i e n t  number of c o l l i s i o n s  and 
r e f l e c t i o n s  from t h e  lower s u r f a c e  (which may have any d e s i r e d  
a l b e d o )  u n t i l  t h e y  make a n e g l i g i b l e  c o n t r i b u t i o n  t o  t h e  i n t e n s i t y .  
The c loud  a lbedo  and t h e  mean o p t i c a l  p a t h  of t h e  t r a n s m i t t e d  and 
r e f l e c t e d  photons a r e  g iven  as  a f u n c t i o n  of  t h e  s o l a r  z e n i t h  a n g l e ,  
o p t i c a l  t h i c k n e s s ,  and s u r f a c e  a lbedo .  
The 
The numerous small a n g l e  
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s c a t t e r i n g s  of t h e  photon i n  the  d i r e c t i o n  o f  t h e  i n c i d e n t  beam 
are  fol lowed a c c u r a t e l y  and produce a g r e a t e r  p e n e t r a t i o n  i n t o  t h e  
c loud  t h a n  i s  o b t a i n e d  wi th  a more i s o t r o p i c  and less  r e a l i s t i c  
phase f u n c t i o n .  
I n  t h e  second paper  ( P 7 )  t he  r e f l e c t e d  and t r a n s m i t t e d  r a d i a n c e  
and f l u x  of v i s i b l e  r a d i a t i o n  is c a l c u l a t e d  f o r  cumulus c louds  of 
v a r i o u s  t h i c k n e s s e s .  The v a r i a t i o n  wi th  s o l a r  z e n i t h  a n g l e  and t h e  
s u r f a c e  a lbedo  is  a l s o  g iven .  When t h e  s u r f a c e  a lbedo  is  ze ro ,  t h e  
r e f l e c t e d  r a d i a n c e  h a s  a r e l a t i v e  maximum a t  t h e  ho r i zon  (except  for 
v e r y  t h i c k  c louds  and i n c i d e n t  beam nea r  t h e  z e n i t h ) .  When t h e  
i n c i d e n t  beam i s  n e a r  t h e  hor izon ,  t h e r e  i s  a s t r o n g  maximum i n  t h e  
r e f l e c t e d  r a d i a n c e  on t h e  s o l a r  ho r i zon  and a pronounced minimum 
n e a r  t h e  z e n i t h .  There i s  a s t rong  maximum i n  t h e  t r a n s m i t t e d  
r a d i a n c e  around t h e  d i r e c t i o n  of t h e  i n c i d e n t  beam u n t i l  t h e  cloud 
becomes t h i c k  i n  t h a t  d i r e c t i o n .  
I n  t h e  t h i r d  paper  ( P 9 )  t h e  i n f l u e n c e  of  t h e  a b s o r p t i o n  of t h e  
a e r o s o l s  ( s i n g l e  s c a t t e r i n g  a lbedo)  i s  s t u d i e d .  When t h e  s i n g l e  
s c a t t e r i n g  a lbedo  i s  sma l l  t h e  r e f l e c t e d  r a d i a n c e  approaches c l o s e l y  
t h e  v a l u e  c a l c u l a t e d  frcm t h e  s i n g l e  s c s t t e r i n g  phase f u n c t i c n ,  
s i n c e  ve ry  f e w  photons  can  s u r v i v e  more t h a n  one c o l l i s i o n  wi thout  
be ing  absorbed .  
a t  t h e  z e n i t h  becomes l a r g e r  r e l a t i v e  t o  t h e  v a l u e  n e a r  t h e  hor izon .  
A t  t h e  same t i m e  t h e  maximum of t h e  t r a n s m i t t e d  r a d i a n c e  moves from 
t h e  i n c i d e n t  d i r e c t i o n  toward t h e  z e n i t h .  
A s  t h e  abso rp t ion  i n c r e a s e s  t h e  t r a n s m i t t e d  r a d i a n c e  
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I n  t h e  f o u r t h  paper  (P10) t h e  s c a t t e r e d  and r e f l e c t e d  l i g h t  
i s  c a l c u l a t e d  for c louds  wi th  v a r i o u s  drop s i z e  d i s t r i b u t i o n s :  
i s o t r o p i c ;  Rayle igh;  haze  c o n t i n e n t a l ;  haze marit ime; cumulus; 
n imbos t r a tus .  
m i t t e d  r a d i a n c e s  f o r  t h e  i s o t r o p i c  and Rayleigh models t e n d  t o  be  
similar as are t h o s e  f o r  t h e  va r ious  haze and c loud  models. The 
r e f l e c t e d  r a d i a n c e  i s  less f o r  t h e  haze  and c loud  models t h a n  f o r  
t h e  i s o t r o p i c  and Rayle igh  models,  except  for an  a n g l e  of i nc idence  
n e a r  t h e  hor izon  when it i s  l a r g e r  around t h e  i n c i d e n t  beam d i r e c t i o n .  
The t r a n s m i t t e d  r a d i a n c e  i s  always much l a r g e r  for t h e  haze and c loud  
models nea r  t h e  i n c i d e n t  d i r e c t i o n ;  a t  d i s t a n t  a n g l e s  it i s  less f o r  
small  and moderate o p t i c a l  t h i c k n e s s e s  and g r e a t e r  f o r  l a r g e  o p t i c a l  
t h i c k n e s s e s  ( a l l  comparisons t o  i s o t r o p i c  and Rayleigh models ) .  
I n  g e n e r a l  it i s  found t h a t  t h e  r e f l e c t e d  and t r a n s -  
I n  t h e  f i f t h  paper  (P11) t h e  t echn ique  i s  a p p l i e d  t o  a r e a l i s t i c  
model of t h e  e a r t h ' s  atmosphere. The a e r o s o l  v s .  h e i g h t  d i s t r i b u t i o n s  
proposed by El terman and by Kondratiev e t  a1 are compared. 
Rayle igh  and a e r o s o l  s c a t t e r i n g  e v e n t s  are  inc luded  i n  t h e  c a l c u l a t i o n ,  
as w e l l  as t h e  ozone abso rp t ion ,  where a p p r o p r i a t e .  
g i v e n  f o r  wavelengths  o f  0 .27,  0 . 3 ,  0 . 4 ,  0 .7 ,  and 1.67~. The mean 
o p t i c a l  p a t h s ,  t h e  f l u x  a t  t h e  lower boundary, and t h e  p l a n e t a r y  
a l b e d o  are  a l s o  t a b u l a t e d .  
The 
The r e s u l t s  a r e  
I n  t h e  s i x t h  paper  (P12) t h e  r a d i a n c e  and p o l a r i z a t i o n  of  m u l t i p l e  
s c a t t e r e d  l i g h t  i s  c a l c u l a t e d  from t h e  S t o k e ' s  v e c t o r s .  
s c a t t e r i n g  m a t r i x  f o r  a t y p i c a l  haze and f o r  a c loud  whose s p h e r i c a l  
d r o p s  have a n  average  r a d i u s  of 12p i s  c a l c u l a t e d  from t h e  Mie t h e o r y .  
The exac t  
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The S t o k e ' s  v e c t o r  is  transformed i n  a c o l l i s i o n  by t h i s  s c a t t e r i n g  
m a t r i x  and t h e  r o t a t i o n  m a t r i x .  The two a n g l e s  which d e f i n e  t h e  
photon d i r e c t i o n  a f t e r  s c a t t e r i n g  are  chosen by a random p r o c e s s  
which c o r r e c t l y  s i m u l a t e s  t h e  a c t u a l  d i s t r i b u t i o n  f u n c t i o n s  for 
bo th  a n g l e s .  
f a v o r a b l y  wi th  w e l l  known t a b u l a t e d  r e s u l t s .  
t h e  r e f l e c t e d  and t r a n s m i t t e d  r a d i a n c e s  and p o l a r i z a t i o n s  f o r  bo th  
t h e  haze and c loud  models and for s e v e r a l  s o l a r  a n g l e s ,  o p t i c a l  t h i c k -  
n e s s e s ,  and s u r f a c e  a lbedos .  The dependence on t h e s e  v a r i o u s  parameters  
i s  d i s c u s s e d .  
The Monte Car lo  r e s u l t s  f o r  Rayle igh  s c a t t e r i n g  compare 
Curves a r e  g iven  of  
During t h e  cour se  of t h i s  c o n t r a c t  c o n s i d e r a b l e  p r o g r e s s  has  
been made i n  t h e  development of t h e  t h e o r e t i c a l  models which r e p r e s e n t  
t h e  a b s o r p t i o n  and t r a n s m i s s i o n  of  r a d i a t i o n  through p l a n e t a r y  atmos- 
p h e r e s .  
r a d i a t i o n  from s e v e r a l  d i f f e r e n t  t y p e s  of sou rces  i n c l u d i n g  cont inuous  
s o u r c e s  and monochromatic sources  ( l a s e r s )  as w e l l  as flame r a d i a t i o n .  
The development of a Monte Carlo code which t a k e s  account  of  t h e  
m u l t i p l e  s c a t t e r i n g  undergone by a photon enab le s  one t o  s tudy  t h e  
i n f l u e n c e  of many d i f f e r e n t  f a c t o r s  on t h e  l i g h t  f i e l d .  
models of t h e  e a r t h ' s  s u r f a c e  i s  one of many i t ems  which can be 
i n c l u d e d  i n  Monte Car lo  c a l c u l a t i o n s .  The ocean s u r f a c e  can be t aken  
i n t o  account  by a c t u a l  c a l c u l a t i o n  of t h e  r e f r a c t e d  and r e f l e c t e d  p a t h  
o f  t h e  photon as it e n t e r s  t h e  ocean or i s  r e f l e c t e d  from i t s  s u r f a c e .  
The g r e a t  advantage  of  Monte Carlo methods i s  t h a t  problems of enormous 
complexi ty  can be so lved  t h a t  cannot be d e a l t  w i th  by any o t h e r  method. 
S a t i s f a c t o r y  models were developed f o r  t h e  t r a n s m i s s i o n  of 
More r e a l i s t i c  
A f u l l  unde r s t and ing  of t h e  s c a t t e r i n g  and a b s o r p t i o n  of l i g h t  i n  t h e  e a r t h ' s  
atmosphere can be has tened  by f u l l y  e x p l o i t i n g  t h i s  t echn ique .  
- 10 - 
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